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Inspired by nature, we investigate the short-range order effect on the physical properties of amorphous 
materials. Amorphous Al2O3 thin films exhibit a higher proportion of their 4-coordinated Al sites close to 
the surface, causing variations in the average short-range order of the film. Below some thickness, the 
density of these films changes with size. In this work, we address the short-range order effect, through the 
thickness, on the electronic and optical properties of atomic layer deposited (ALD) Al2O3 thin films. Both 
the refractive index and the permittivity were found to vary with size. The refractive index increased with 
thickness, and for thick films (~50 nm) it was comparable to that of bulk amorphous Al2O3. The 
permittivity increased with thickness as well, but did not attain those of the bulk material. We discuss how 
these effects correlate with the density and short-range order. These results shed light on the size effects in 
thin amorphous oxides, and may guide the design of electronic and optical components and devices. 
 
I. Introduction 
  
Amorphous phases are commonly found in nature when controlled mineralization is required; they 
enable the organism to exert control over the crystallization, thereby achieving different structures 
and morphologies according to necessity1-3. To gain this control, the organism manipulates the 
short-range order within the amorphous phase2. Whereas in nature such control is achieved 
through different additives1,2, in amorphous thin films the short-range order was found to vary 
with size4,5. Amorphous Al2O3 thin films deposited by atomic layer deposition (ALD) have shown 
size-dependent structural variations, where thinner films exhibited a higher proportion of their 4-
coordinated Al (Al4) sites than thicker ones. It was also shown that the density of the films 
increases with size by more than 15%.5 Since several physical properties of a material are density-
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dependent,6,7,8 we expect that technologically important electronic and optical properties would 
exhibit significant variations with thickness. 
We test this hypothesis on films grown by ALD, which allows fabrication of amorphous oxides of 
excellent quality, with precise and conformal morphology9,10,11,12. ALD Al2O3 is one of the most 
common amorphous oxides in use for science and technology, owing to its large growth window 
and useful optical and electronic properties. As such, thin films of Al2O3 are useful for 
antireflective coatings13, in particular the quarter wavelength type used in optical sensors14, for 
MEMS applications15 and other.  
 
Motivated by thickness-density relations and its potential effects on the physical properties, we 
focus this work on the electronic and optical properties of the technologically important ALD-
Al2O3 system. Demonstrating a new approach for tuning these properties is expected to contribute 
to design and application of these materials in optical and electronic components and devices. 
 
 
II. Experimental 
Deposition of amorphous Al2O3 by ALD is a common practice and has been well studied
10,11,16,17. 
Given its very wide ALD window this procedure serves as an ALD model process, and the 
resulting thin films are of high quality, smooth and pin-hole free9,10. Al2O3 films were grown in a 
plasma-enhanced ALD reactor (PEALD, ALD R-200 Advanced, Picosun, Finland) at 200°C using 
trimethyl aluminum and water, as described elsewhere5. The thickness of the films was measured 
with x-ray reflectivity (XRR, SmartLab, Rigaku, Japan) and spectroscopic ellipsometry (VASE, 
Woollam, USA). 
 
Optical characterization was conducted on films deposited on p-Si (100) wafers. Spectroscopic 
ellipsometry was performed in the wavelength range of 300−1000 nm at three different angles (65, 
70 and 75 degrees). An interfacial oxide layer was accounted for in the interpretation of the results. 
Metal-oxide-semiconductor (MOS) capacitors were fabricated on n-type Si wafers with 11 nm of 
SiO2 grown by dry thermal oxidation. ALD Al2O3 films were deposited directly onto the SiO2 
layer. 50 nm thick Al pads were deposited using e-beam evaporation (Airco Temescal FC-1800) 
through a shadow mask, and 300 nm blanket Al was deposited for a back contact.  
Capacitance−voltage (C−V) measurements were performed using an Agilent E4980A LCR meter 
(Agilent Technologies, USA), with the capacitance corrected for series resistance based on multi-
frequency analysis.18 
 
 
III. Results 
The optical properties of amorphous materials make these materials attractive for various 
applications in science and technology19. The nature of the relationship between a material’s 
density and its refractive index has prompted different theories, in all of which it is assumed that 
an increase in density should result in a higher refractive index. To study the refractive index of 
3 
 
the Al2O3 layers we used spectroscopic ellipsometry; thin Al2O3 films of various thicknesses 
ranging between 15 and 65 nm were deposited directly onto Si wafers and scanned with a 
spectroscopic ellipsometer. The results were fitted using the “VAZE 32” software. Changes in the 
refractive index with different Al2O3 thicknesses can be seen in FIG. 1a: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The figure shows that as the thickness increases, so does the refractive index. This result coincides 
with previous findings indicating that density increases with thickness, since a change in density 
should result in a corresponding change in the refractive index. 
Since the value of the refractive index does not change significantly (<1%) at wavelengths higher 
than 600 nm, it can be considered to be constant above that level. The selected value of refractive 
index was at wavelength of 635 nm (comparable with results from other studies, achieved with a 
single-wavelength ellipsometer, at wavelength of 632.8 nm). In FIG. 1b, the relationship between 
refractive index and thickness is plotted; As shown, for thicknesses below 40 nm the refractive 
index gradually increases until it reaches a constant value of ~1.63. This value is close to values 
accepted for amorphous aluminum oxide in previous studies16,20. This relationship is reminiscent 
of the relationship, reported in the past5, between the refractive index and the thickness. Thus, as 
expected from both the theory and previous findings, the refractive index increases with density. 
 
Another important parameter that is theoretically affected by the density is the dielectric constant 
(k). This parameter was studied using MOS capacitors with varying thicknesses of Al2O3. C−V 
analysis at 1 MHz was employed to determine the dielectric constant (FIG. 2a), accounting for the 
bottom 11 nm SiO2 layer, which was uniform across samples.  
 
 
 
 
a)) b)) 
FIG. 1. (a) changes in refractive index with thickness of the ALD-Al2O3 amorphous thin films. (b) 
dependence of refractive index on thickness of the amorphous Al2O3 layer 
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The C-V curves (FIG. 2a) exhibit well-behaved characteristics21 that indicate negligible (and 
uniform) contribution of interface states. The maximum value of each curve (accumulation, in 
positive voltages) was used to obtain the capacitance of the oxides.  
 
A summary of the resulting dielectric constants (FIG. 2b) reveals that the dielectric constant 
increases with increasing thickness until it reaches a value of ~8.3, which is lower than the 
dielectric constant of crystalline Al2O3 phases.
22 It is also known that crystallinity increases its 
value23. It can be seen that the dielectric constant at 24.5 nm is slightly lower than that of the 19.1 
nm thick sample; however the difference between the two values is within the error range of the 
results. Since, the density also increases with thickness and, according to these results, thicker 
films exhibited higher dielectric constants, these findings agree with our prediction. Therefore, the 
thickness can be used, in some cases, as a tuning parameter for the dielectric constant.  
 
 
IV. Discussion 
 
A. Dependence of the Refractive Index on Thickness 
The refractive index of a thin Al2O3 film was found to vary with thickness, with higher thicknesses 
yielding higher refractive indexes. For thick films, the accepted refractive index is similar to that 
of bulk amorphous Al2O3 (~1.63), but the values obtained for thin films in the present study were 
lower, indicating that by changing the thin film’s thickness it is possible to manipulate this optical 
property according to a specific requirement. 
FIG. 2. (a) C−V curves achieved for the different capacitors, with different thicknesses of Al2O3 layer, normalized 
to the measured contact area measured at 1 MHz; inset: Schematic description of the MOS capacitors used to 
determine the dielectric constants of Al2O3 films (b) Dependence of the dielectric constant on thickness of the Al2O3 
layer 
 
(b) (a) 
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In our previous study we examined the relationship between the density of an amorphous Al2O3 
film and its critical angle (θc)5. According to Snell’s law, the ratio between the refractive indexes 
(n) and the refraction angles (θ) when a ray passes from one medium to another is defined by Eq. 
424: 
 
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21
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 (1) 
In our case, assuming that the x-ray passes from air (n1 = 1) to our layer and that total reflection 
occurs (θ2 = 90°), the relationship between the critical angle and the refractive index of the layer 
would be: 
 Cn sin   (2) 
This relationship can be plotted (FIG. 3), since the critical angle for total reflection can be found 
by XRR, as reported previously5,25. 
 
 
 
FIG. 3. Relationship between the critical angle (measured by XRR) and the refractive index (measured by ellipsometry) 
 
Good linearity is observed between the two values, with R2 = 0.99. The proportionality factor is 
1.15, which is close to 1, the theoretical factor, supporting the high correlation between the 
measured parameters. 
Another parameter that changes with thickness, as previously shown, is the density. The general 
relationship between the density (ρ) and the refractive index (n), according to Anderson and 
Schreiber, which takes into consideration an overlap field for near-neighbor interaction is the 
following8: 
 
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6 
 
where b is the electronic overlap parameter, which is unique to each material and can be found via 
the extrapolation of n-ρ data, M is the molecular weight and α is the polarizability, which is the 
ability to form a dipole. It is also possible to rewrite Eq. (3) as follows: 
2
4 1 1
b
n 1 R

  
 
 (4) 
Our previous findings, which concern the relationship between thickness and density5, enable us 
to plot Eq. (4) as shown in FIG. 4: 
 
 
 
FIG. 4. Dependence of the refractive index on density, according to Anderson and Schreiber 
 
Since the amorphous Al2O3 ALD films exhibit similar structural features to those of γ-Al2O34,5, 
the theoretical parameters for γ-Al2O326, have been added to the figure. These values can be seen 
to show good linearity, with R2 = 0.97, further validating the correlation between the density 
(owing to thickness variations) and the refractive index in amorphous ALD thin films of Al2O3. 
By subjecting the results to linear regression, it is possible to extract that b = −5.7 ± 0.2 and R = 
0.16 ± 0.02.  
 
B. Dependence of the Dielectric Constant on Thickness 
 
According to our present results, it is clear that the dielectric constant increases with thickness of 
the amorphous film. It was previously shown that density also changes with thickness5, implying 
that the dielectric constant changes due to density variations. 
The values obtained in our experiments are similar to values achieved in other studies16,23,27. It was 
shown in the past that the dielectric constant of amorphous Al2O3 changes with the thickness, but 
the change was attributed to other factors, such as interfacial layers or quantum effects27,28. Our 
use of 11 nm thermally-grown SiO2 layer and its separate analysis in the present work, precludes 
contributions of interfacial effects that may affect the results. 
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Many studies have been carried out on various materials, in which the change in dielectric constant 
was studied as a function of density, and it was found that higher density yields higher dielectric 
constant7,29. 
The relationship between the density and the dielectric constant is plotted Fig. 8. Theoretical 
values for crystalline γ- Al2O3 were added as well30  
 
 
 
FIG. 5. Dependence of dielectric constant on density 
 
It can be seen that the values align well, indicating on a clear correlation between the density and 
the dielectric constant. This is an important finding, as it can open a variety of new possibilities 
for amorphous dielectric materials. 
 
 
V. Summary and Conclusions 
Amorphous ALD Al2O3 films are commonly used and are of significant interest for various 
applications. Previous studies showed that the short-range order close to the surface in these films 
differs from that in the bulk amorphous Al2O3; hence, the average short-range order in thinner 
films differs from that in thicker ones. These variations were previously found to affect the density 
of the films, pointing to a potential for tuning density-dependent properties. It is shown here that 
the refractive index and the dielectric constant of ALD Al2O3 films change with size, owing to 
variations in film density: thinner films, which have lower density, exhibit lower refractive indices 
and dielectric constants than those of the higher-density, thicker films. This finding implies the 
possibility of tuning these properties solely by size. This effect is not expected to be limited Al2O3, 
and should manifest in other amorphous systems, where it might further emerge at different 
thicknesses.  
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